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Caloric restriction (CR) decreases aging rate and mitochondrial ROS (MitROS) production and oxidative stress in rat postmitotic tissues. Low
levels of these parameters are also typical traits of long-lived mammals and birds. However, it is not known what dietary components are
responsible for these changes during CR. It was recently observed that 40% protein restriction without strong CR also decreases MitROS
generation and oxidative stress. This is interesting because protein restriction also increases maximum longevity (although to a lower extent than
CR) and is a much more practicable intervention for humans than CR. Moreover, it was recently found that 80% methionine restriction
substituting it for L-glutamate in the diet also decreases MitROS generation in rat liver. Thus, methionine restriction seems to be responsible for the
decrease in ROS production observed in caloric restriction. This is interesting because it is known that exactly that procedure of methionine
restriction also increases maximum longevity. Moreover, recent data show that methionine levels in tissue proteins negatively correlate with
maximum longevity in mammals and birds. All these suggest that lowering of methionine levels is involved in the control of mitochondrial
oxidative stress and vertebrate longevity by at least two different mechanisms: decreasing the sensitivity of proteins to oxidative damage, and
lowering of the rate of ROS generation at mitochondria.
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Aging causes a multitude of detrimental changes in the
organism at all levels of biological organization, decreases
maximum functional capacities and homeostasis, and
increases the probability of suffering degenerative diseasesAbbreviations: CEL, [Nepsilon-(carboxyethyl)lysine in proteins]; CML,
[Nepsilon-(carboxymethyl)lysine in proteins]; CR, caloric restriction; %FRL (%
free radical leak), ROS production as % of total electron flow in the
mitochondrial respiratory chain; 8-oxodG, 8-oxo-7,8-dihydro-2′deoxyguano-
sine; MDAL, [Nepsilon(malondialdehyde)lysine in proteins]; MetR, L-methionine
restriction; MitROS, mitochondrial ROS; MLSP, maximum life span potential
(maximum longevity); mtDNA, mitochondrial DNA; nDNA, nuclear DNA; PR,
protein restriction; ROS, reactive oxygen species
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doi:10.1016/j.bbabio.2006.01.009and finally death. All these changes likely originate from a
relatively small number of main causes that continuously
operate throughout the life span. Any theory of aging should
be able to explain the progressive and endogenous character
of biological aging [1]. Different animal species age at very
different rates in similar environments and those rates vary
more than 40 fold in mammals. The early proposal by
Denham Harman that free radicals [2], especially those of
mitochondrial origin [3], are among the main causes of
aging, is consistent with the results of many investigations
[4–9]. Available evidence supporting the mitochondrial free
radical theory of aging is consistent with the widely held
notion that the rate of generation of reactive oxygen species
(ROS) at mitochondria can be one of the main factors that
determine aging rate and thus the maximum life span
potential (MLSP). Studies with isolated mitochondria indicate
that these organelles are a main source of ROS in healthy
normal tissues. Mitochondrial ROS (MitROS) generation
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[7,8,10–14] and is thus endogenously determined. The rate
of MitROS production is especially high in highly aerobic
tissues like heart, brain, or liver where aging changes are
especially marked.
2. Variations in oxidative damage and DNA mutations
during aging
Tissue antioxidants help to control oxidative stress in vivo,
but antioxidant interception and scavenging of ROS is not
100% efficient. There is always a certain level of oxidative
damage to macromolecules even in healthy unstressed
animals. Such oxidative damage affects cellular lipids,
proteins and DNA in tissues. The results of many investiga-
tions suggest that the steady-state levels of markers of
oxidative damage to those macromolecules can increase with
age in organs like liver, heart and brain. This was observed for
proteins [9,15–17] and lipids [18–20], although such increases
were not always detected [21]. ROS can also attack DNA
directly at the sugar-phosphate backbone or at the bases. This
produces many different oxidatively modified purines and
pyrimidines, including the most commonly measured 8-oxo-
7,8-dihydro-2′deoxyguanosine (8-oxodG), as well as single
and double strand breaks in both rats and humans [22–24].
Various studies have found increases in steady-state levels of
8-oxodG during aging in brain, heart or liver nuclear (nDNA)
or mitochondrial DNA (mtDNA) in rodents and humans [25–
31], though again such increases were not always observed
[29,32]. In any case, the increases in oxidative damage to
macromolecules are not strong enough to be the result of a
life-long accumulation. Such hypothetical accumulation would
not be consistent with the widespread presence of many forms
of repair of oxidative damage in tissues. Instead, those
increases with age likely represent a resetting of the flux of
oxidative damage and repair of cellular macromolecules at a
higher steady-state level in old individuals [33] that con-
tributes to age-related deterioration. That flux also occurs
more rapidly in short-lived and in ad libitum-fed (AL) animals
compared to long-lived and caloric restricted (CR) ones,
respectively. One of the most important life-long conse-
quences of oxidative damage to tissues during aging can be
the constant generation of somatic DNA mutations in
postmitotic cells, like those in mtDNA [8,34,35], because
they can accumulate during aging. It is well known that
mtDNA mutations accumulate with age in heart, brain and
other tissues [34–36]. Although individual mtDNA mutations
reach only low levels in old individuals, the mean aggregate
mutational load of all kinds of mutations can be much higher.
It is also possible that a relatively small number of mutations
cause important deleterious and permanent effects during
aging in the cells harboring them, in nearby cells of the same
tissue or perhaps even in cells situated far away in other
organs. For instance, it has been proposed that anaerobic
mutated cells induce plasma LDL oxidation leading to
amplification of damage in many other organs of the body
[37]. Also, continuous generation of mtDNA fragments couldinduce genomic instability that would not be detected due to
the heteroplasmic nature of mtDNA in most cells.
In agreement with a key role of MitROS and mtDNA in
aging, it has been found that 8-oxodG is normally present in
mtDNA at levels around 10 fold higher than in nuclear DNA
(nDNA) [30,38,39]. Most interestingly, the level of somatic
mutations in mtDNA is also around 10 fold higher than in nDNA
[40], suggesting a cause–effect relationship between the rate of
MitROS generation and the production and rate of accumulation
of mtDNA mutations with age. Although the mitochondrion
seems to lack some particular forms of DNA repair such as that
of pyrimydine dimers (induced by UV radiation), it is now
known that its capacity to repair 8-oxodG is similar or even
higher than that in the nucleus [41]. A most probable reason for
the higher level of oxidative damage in mtDNA than in nDNA is
its closeness to or even its contact with the main ROS generator
of healthy cells, the inner mitochondrial membrane [7,13,14].
Other differences, such as the lack of histones and polyamines,
could also contribute to this difference. Furthermore, more direct
evidence that increases in mtDNA mutations can increase aging
rate has been recently obtained in mutant mice [42] although it is
not definitively clear if this model corresponds to accelerated
aging or accelerated pathology.
Oxidative damage is not limited to direct attack by ROS,
since cross-reactions of side and final products of peroxidation
of different kinds of macromolecules also occur. This is the case
for glycoxidation and lipid peroxidation-derived reactions,
which can finally lead to protein and DNA modification.
Thus, non-enzymatic oxidative reactions of carbohydrates and
lipid substrates (Maillard reaction or carbonyl-amine reactions)
[43], and lipid peroxidation products, generate protein adducts
like Nepsilon-(Malondialdehyde)lysine (MDAL), Nepsilon-(Car-
boxymethyl)lysine (CML), or Nepsilon-(Carboxyethyl)lysine
(CEL) [17,43]. The study of the possible aging-related
variations in such damage markers or in highly specific
(measured by GC/MS) protein carbonyls like glutamic or
aminoadipic semialdehydes in the intracellular proteins of
postmitotic tissues is only beginning.
3. Rate and sites of mitochondrial oxygen radical
generation and longevity
Mitochondria are responsible for the majority of cellular O2
consumption and are a major source of ROS in healthy cells
[44]. Oxidative stress could be related to aging, in principle,
through variations in ROS generation, ROS elimination, or
both. Antioxidants, however, although possibly involved in
protection against various age-related diseases, do not seem to
control the rate of aging. This is inferred from four different
kinds of studies. First, contrary to early hypotheses, it is known
that the levels of endogenous tissue antioxidants do not decrease
during aging [7,45]. Second, at first glance, the slow rate of
aging of long-lived animals could be due to a constitutively
higher endogenous antioxidant defence system. However, the
reverse situation was consistently found in the investigations
from five independent laboratories that reported such kind of
comparative data [12,13], reviewed in [46]. The tissue levels of
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antioxidants negatively correlate with the MLSP of mammals
and other vertebrates. Third, a large number of studies have
shown that experimentally increasing tissue antioxidants
through dietary supplementation, pharmacological induction,
or transgenic techniques sometimes moderately increases mean
longevity but does not change MLSP in mammals (see [7,47]
for review). In line with this, a recent report found up to 17–
21% increases in mean life span and only around a 10% increase
in MLSP in mice after a 50 fold increase in mitochondrial
catalase [48]. A fourth line of evidence comes from studies in
which genes for particular antioxidants are knocked out. These
animals can show different pathologies but their rates of aging
do not seem to be affected [47,49].
Although antioxidants do not determine the rate of aging,
their negative correlation with maximum longevity strongly
indicates that the endogenous rate of free radical production in
tissues in vivo must be lower in long-lived than in short-lived
animals. If long-lived animals had high rates of ROS production
together with their very low levels of endogenous antioxidants,
their tissue cells would not be able to maintain oxidative stress
balance, they would lose homeostasis and would die young
instead of being long-lived. For instance, humans have 10 fold
less tissue GSH-Px activity than short-lived rodents [50], and
this is the main enzyme responsible for decomposing the low
micromolar levels of H2O2 continuously produced in aerobic
tissue cells, because its KM for H2O2 is various orders of
magnitude smaller than that of catalase. Decreasing MitROS
production instead of increasing antioxidants or repair systems
makes sense when considered from the point of view of
evolution of longevity among species. It would be very
inefficient to generate large amounts of ROS and, afterwards,
try to intercept them before they reach macromolecules like
DNA, or even worse, try to repair DNA after heavily damaging
it. This is even more true taking into account: (a) the high
energetic cost of continuously maintaining high levels of
antioxidant and repair molecules in the tissues of long-lived
species, (b) the capacity of all kinds of animals (short- or long-
lived) to transitorily induce these protective molecules when
needed in higher amounts, and (c) the close proximity between
sources of ROS and macromolecular targets of special
importance for aging like mtDNA (mitochondrial DNA).
Instead, lowering the rate of ROS generation near its main
aging-related target decreases its damage much more efficiently
and at much lower cost. Antioxidants will still be important to
maintain oxidative stress homeostasis and cell survival at many
other cellular sites, but they could not change the rate of aging
because they could not strongly decrease final forms of damage
to mtDNA (somatic mutations) when it is situated very close to
or even in contact with the MitROS generation sites at the inner
mitochondrial membrane [12–14].
In agreement with a main role for ROS generation in aging,
almost every investigation performed to date has shown that the
rate of MitROS production in liver, heart, brain and other tissues
is lower in long-lived than in short-lived species [11–14,51–
54]; reviewed in [7,8]. This occurs in all kinds of long-lived
homeothermic vertebrates independently of their mass-adjustedrates of O2 consumption, which is low in animals of large body
size and high in animals of small size. That characteristic can
thus explain why endogenous tissue antioxidants correlate
negatively with MLSP across species: long-lived animals have
constitutively low levels of antioxidants because they produce
ROS at a low rate. The studies performed in birds (very long-
lived homeotherms) are especially illustrative since these
animals live much longer than mammals of similar body size,
even though their metabolic rates are similar to or even higher
than those of the similar-sized mammals. In spite of their high
rates of O2 consumption, the three bird species of different
families studied to date (parakeets, canaries and pigeons:
MLSPs of 21, 24 and 35 years, respectively) have low rates of
MitROS generation compared to mice and rats (MLSPs of 3.5
and 4 years) [14,51,53–55]. In many (not all) cases this is
possible because the percent of total electron flow in the
respiratory chain directed to ROS production (% free radical
leak, %FRL) is lower in long- than in short-lived animals (see
[7] for review). A role for MitROS production in the control of
aging is also supported by current studies in invertebrates [56],
fungi [57] and cultivated cells [58].
The site in the respiratory chain where ROS production is
lower in long-lived than in short-lived animals has also been
studied. Oxygen radical generation at the respiratory chain has
been classically attributed to a complex III generator (mainly to
complex III ubisemiquinone). However, in agreement with
early information obtained in submitochondrial particles
[59,60], it was found that complex I also contains an important
ROS generator in intact functional heart and brain mitochondria
[51,52]. This was soon confirmed by various different
laboratories [61–66]. Nowadays the concept that both complex
I and complex III produce ROS is widely accepted in the
scientific literature and is already part of mainstream basic
knowledge [67]. Furthermore, available studies indicate that the
respiratory complex responsible for the lower MitROS
generation of long-lived species is complex I [51–53].
Concerning the identity of the ROS generator inside complex
I there is current debate. Some studies have suggested a role for
flavin mononucleotide [63,68], while others favour complex I
linked ubisemiquinones [64,66]. Investigations of the laborato-
ry of one of us (GB) [69], soon confirmed by other
investigations [61,62], localized the complex I ROS generator
between the ferricyanide reduction site and the rotenone binding
site. This finding eliminates the flavin from consideration and
suggests that the source of ROS may be the complex I FeS
clusters situated in that region, although a role for complex I-
linked ubisemiquinones cannot be ruled out at present. All these
FeS clusters are situated in the hydrophilic complex I domain
facing the matrix compartment where mtDNA is located.
4. Oxidative damage to mitochondrial DNA, lipids and
proteins and longevity
ROS can damage many different kinds of cellular macro-
molecules including lipids, proteins and DNA. Damage to DNA
may be the most important for aging because it can lead to
irreversible loss or alteration of genetic information in
Fig. 1. (A) Correlation between phospholipid membrane fatty acid unsaturation
and maximum longevity in the heart of mammals. The total number of fatty acid
double bonds (DBI=double bond index) was calculated from the abundance of
each fatty acid. The DBI of heart phospholipid fatty acids negatively correlates
with MLSP of different mammalian species (r=−0.78; P<0.02; n=5–7
different animals per species except for sheep: n=3) (data come from ref. [76]).
(B) Correlation between MDA-lysine (MDAL) protein adducts and maximum
longevity in the heart of mammals. MDAL adducts in heart proteins negatively
correlate with MLSP in mammals (r=−0.92; P<0.001; n=7 different animals
per species) (data come from ref. [81]).
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contact with the site of mitochondrial ROS production. Since
long-lived vertebrates have low rates of MitROS generation,
this should affect the level of oxidative damage and somatic
mutations in their mtDNA. In agreement with this notion it has
been found that brain and heart 8-oxodG in mtDNA correlates
negatively with maximum longevity in mammals and birds
[39]. This agrees with the lower urinary excretion of 8-oxo-7,8-
dihydroguanine of long-lived animals [70]. In addition, the
levels of 8-oxodG were around 10 fold higher in mtDNA than in
nDNA in the brain and heart of all the 11 studied mammalian
and bird species studied [39,71], a difference similar to that
observed for spontaneous mutations comparing both DNAs.
That suggests that the flux rates of both ROS attack on and
repair of DNA are much higher in the mtDNA of short-lived
than long-lived animals, and are also much higher in the
mtDNA than in the nDNA of all species irrespective of their
longevity [33]. The higher rate of MitROS production of short-
lived animals may be an important cause of their much faster
rate of accumulation of mtDNA mutations during aging. A
similar degree of accumulation of mtDNA mutations occurs
after 70–100 years in humans, after 35–50 years in chimpan-
zees [72] and after only 2–3 years in mice [73].
Unsaturated fatty acids of cellular membranes are the
macromolecules most susceptible to oxidative damage in
cells, and this sensitivity increases as a function of their number
of double bonds. We have found that the cellular membranes of
long-lived mammals and birds have low degrees of fatty acid
unsaturation in mitochondria and tissues including liver, heart,
skeletal muscle, and kidney, and this constitutively protects
their cellular membranes, proteins and DNA against lipid
peroxidation-derived damage [74–77]; reviewed in [78,79].
This is shown in Fig. 1A for heart phospholipid fatty acids in the
heart of 8 animal species with different MLSP [76]. The total
number of double bonds (DBI=double bond index) was
negatively correlated with maximum longevity (Fig. 1A) and
the same was true for the sensitivity to lipid peroxidation (not
shown). Similar results were obtained in liver tissue [77] and
liver mitochondria and their phospholipid classes [75,80] in
different mammalian species, as well as in birds (longer-lived)
compared to mammals of similarly body size. Long-lived
animals obtain a low DBI mainly by avoiding highly
unsaturated fatty acids like 22:6n-3, and sometimes 20:4n-6,
substituting them mainly for 18:3n-3 and 18:2n-6. This lowers
their degree of unsaturation without changing the total amount
of polyunsaturated fatty acids, allowing a strong decrease in
sensitivity to lipid peroxidation probably without major changes
in membrane fluidity, a “homeoviscous-longevity adaptation”
[78]. On the other hand, lipid peroxidation generates aldehydic
products, like malondialdehyde (MDA) and others, that
covalently attach to protein lysine residues. Recently we
found that the level of MDAL protein adducts negatively
correlates with maximum longevity in the heart of different
mammalian species (Fig. 1B) [81]. Thus, the longer the life span
of a species, the lower is its fatty acid double bond content, its
sensitivity to lipid peroxidation and its level of lipoxidation-
derived protein modification. Bird (long-lived) species alsoshow lower fatty acid unsaturation and sensitivity to lipid
peroxidation in liver and heart mitochondria (reviewed in [78]),
lower levels of aminoadipic and glutamic semialdehydes
(specific protein carbonyls) and lower levels of CML, CEL
andMDAL in brain proteins than the corresponding comparable
mammals [82]. The relationship between fatty acid unsaturation
and oxidative damage is also observed in experimental studies in
vivo. We have recently observed that treating rats with dietary
oils with a low number of double bonds lowers the degree of
fatty acid unsaturation of brain cellular membranes and lowers
brain lipoxidation-derived protein modification and 8-oxodG
levels in brain mtDNA [83]. This makes sense because lowering
fatty acid unsaturation decreases the susceptibility of mem-
branes to lipid peroxidation. Lipid peroxidation-derived end-
products (“enals”) can also react at the exocyclic amino groups
of dG, dA, and dC to form various alkylated products [84]. Some
common enals that cause DNA damage, analogously to proteins,
are MDA, acrolein, and 4-hydroxynonenal, among others.
Common adducts arising from enals are exocyclic adducts such
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mutagenic, carcinogenic, and have powerful effects on signal
transduction pathways. Furthermore, they (a) are present in the
genome of healthy humans and other animal species; (b) are
efficient premutagenic lesions that induce mutations frequently
detected in oncogenes or tumor suppressor genes from human
tumors; (c) show increased levels in aged animals; and (d)
increase nearly 20 fold with a high PUFA diet. Thus, lipid
peroxidation may be a significant endogenous source of DNA
damage and mutations.
5. Caloric restriction, mitochondrial ROS generation, and
oxidative stress
The results of many studies concerning the mitochondrial
free radical theory of aging can explain in part the wide
variation in MLSP among different animal species. However,
correlation with MLSP (in the appropriate direction) is
necessary but not sufficient to validate a theory of aging,
because correlation does not necessarily means that a cause–
effect relationship exists. Thus, experimental studies in which
the rate of aging is modified are needed to clarify if MitROS
production and oxidative stress also change in the expected
direction. Caloric restriction (CR) is the best known experi-
mental manipulation that decreases the rate of aging and
increases MLSP in many species including laboratory rodents,
and it has many beneficial effects for health in mice, rats, other
animals, and possibly primates including humans [85], although
demographic studies indicate that dietary restriction in Dro-
sophila only decreases short-term mortality [86]. The benefits
induced by CR in rodents include improvements in mitochon-
drial oxidative stress [87,88] and increases in longevity even in
long-lived mutant dwarf mice [89]. There is now highly
consistent evidence that MitROS production and oxidative
damage to mitDNA and other intracellular macromolecules are
lowered by this antiaging manipulation in mammals, although a
study in Drosophila did not found changes in MitROS
generation after dietary restriction [90]. The effect of CR on
MitROS production was first investigated in mice [91]. More
recently, it has been intensively studied in detail in many rat
tissues [92–99]. These investigations, usually applying 40%
CR, consistently demonstrate that long-term CR significantly
decreases the rate of MitROS generation in rat tissues including
skeletal muscle, kidney, liver, heart and brain (Table 1), whereas
after short-term CR (a few weeks or even 4 months), thoseTable 1
Summary of investigations about the effect of long-term caloric restriction on
the mitochondrial rate of ROS generation
Tissue Species CR effect on
MitROS generation
Reference
Heart Rat, Mouse ↓ [91,93]
Brain Rat, Mouse ↓ [91,98]
Liver Rat ↓ [94]
Skeletal Muscle Mouse, Rat ↓ [95,99]
Kidney Mouse ↓ [91]
The time period of caloric restriction was at least 1 year in all cases.decreases can only sometimes be detected (see [100] for
review). It was found that 6–7 weeks of restriction are enough
to decrease MitROS production and 8-oxodG in mtDNA and
nDNA in rat liver [92], which is very useful for further
experimental studies concerning CR and mitochondrial oxida-
tive stress. It was also found that the decrease in ROS generation
in CR rats specifically occurs at complex I in all the organs
studied up to date (heart, liver and brain), and that it occurs
together with a decrease in % FRL, indicating that the efficiency
of the mitochondrial respiratory chain in avoiding ROS
production is increased in CR animals [92–94,98]. These
changes are strikingly similar to those described above when
comparing animals with different longevities, suggesting that
they can be a highly conserved mechanism of life span
extension both within and between species. Interestingly, the
decrease in MitROS generation observed in CR rats is
accompanied by significant decreases in 8-oxodG levels in
mtDNA alone, or in mtDNA and nDNA, depending on the
tissue studied [92–95,98]; reviewed in [100], as well as by
decreases in oxidation- (glutamic semialdehyde, a protein
carbonyl), glycoxidation- (CML and CEL), and lipoxidation-
derived (CML and MDAL) damage to heart mitochondrial
proteins [17,101], although in some cases (e.g., in rat liver) only
small changes in protein markers were observed [102]. These
findings led to suggest that lowering the rate of ROS production
is a common mechanism used by both long-lived and CR
animals to decrease steady-state oxidative damage to lipids,
proteins, and especially to mtDNA, and thereby mtDNA
mutations and aging rate [7,8,39,93,100]. That increasing
mtDNA mutation increases aging rate has been recently
shown in mtDNA polymerase γ mutant mice [42].
6. Mechanism of caloric restriction effect on mitochondrial
oxidative stress: the protein and methionine connection
Although numerous studies have documented the decrease in
MitROS production and oxidative damage to mitochondrial
macromolecules in CR, the dietary factor that causes these
beneficial changes is unknown. We are presently undertaking
investigations aimed to clarify this subject. Clarifying what
factors cause the decrease in MitROS production and oxidative
stress and the increase in MLSP in CR is a promising way to
uncover some of the fundamental mechanisms of aging in
mammals. In addition, such kinds of studies can suggest
interventions that are more easily practicable for human beings
than caloric restriction. CR is a difficult manipulation for human
populations due to: (a) the strong difficulty of modifying
acquired nutritional habits in humans; (b) the high risk of
malnutrition; and (c) possible decreases in acute resistance to
the normally stressful human living conditions, the three
reasons being even more relevant problems in the case of
children and old individuals.
It is commonly believed that the antiaging effect of CR is due
to the decreased intake of calories themselves rather than to
decreases in specific dietary components. However, some
recent findings question this classical consensus [103] and it
is known that variations in the proportions of some of the main
Table 2
Effects of protein restriction (PR) on maximum longevity
PR Strain (N/group) Maximum life span Reference
85%PR mice (C57BL/6J) 140 38.9%↑ [107]
83%PR mice (C57; A/J; F1) 50 20%↑; 6.8%↑; 24%↑ [108]
66%; 83%PR mice (BALB/c) 200 6.5%↑; 6.5%↑ [109]
72%PR mice (DBA/2f; B/W) – 16%↑; 44%↑; 33%↑ [110]
50%PR rat Wistar 44 25%↑ [111]
40%PR rat Fisher 344 40 3%↑ [112]
40%PR rat Fisher 344 60 5%↑ [113]
40%; 57%PR rat Wistar 36 38.7%↓; 6.1%↓ [114]
PR (self determined) rat Ch. River COBS 121 ↑(after 7 months age) [115]
50%PR rat 10 11%↑ [116]
63%; 73%PR rat Sprague–Dawley 210 43%↑; 11%↑ [117]
Mean increase of 15 studies 19.6% increase in MLSP
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reviewed in [106]. Concerning the effects of protein restriction
(PR) on aging rate, reconsideration of classic studies performed
in rodents shows that increases in MLSP have been found in
almost every investigation. Ten out of eleven published studies
(and 16 out of 18 different life-long survival experiments in
these studies) in rats or mice found that protein restriction
increases maximum life span (Table 2) [107–117], although the
magnitude of this increase (ca. 20% increase in MLSP taking
into account all the 16 positive studies) was usually lower than
that typically found in CR (ca., 40%). This suggests that protein
restriction can be responsible for around 50% of the life-
prolonging effects of CR. Recent studies in Drosophila also
indicate that the life-extension effect of calorie restriction is not
due to calories themselves [103], while they are compatible with
a specific role of decreased protein intake in life-extension. This
possibility would be also consistent with the well-described fact
that 80% methionine restriction (MetR) increases maximum
longevity in rats independently of energy restriction [118–122]
although the molecular mechanisms responsible are unknown.
Concerning oxidative stress, changes in liver and blood GSH
have been studied in MetR [119], but the possible role of
MitROS production and macromolecular damage has never
been investigated. The increase in MLSP in Fisher 344 rats was
observed in at least two independent studies [118,119,121], and
there is preliminary evidence [120] indicating that MetR also
extends lifespan in at least three other different rat strains
(Brown Norway, Sprague–Dawley and Wistar rats). A MetR-
induced increase in MLSP in mice was also recently observed in
BALB cJ×C57BL/6 mice [122]. These life span extensions
were accompanied by lower liver GSH and probably increasedTable 3
Summary of effects of caloric (CR), protein (PR) and methionine restriction (MetR)
MitROSp MitVO2 FRL
CR (40%) ↓ (cx I) = ↓
PR (40%) ↓ (cx I) = ↓
MetR (80%) ↓ (cx I and III) ↑ ↓
MitROSp=mitochondrial ROS production; MitVO2=mitochondrial oxygen c
mtDNA=oxidative DNA damage to mtDNA (8-oxodG); ox.Proteins=oxidative dam
I (cxI) and III (cxIII) are the sites were ROS production decreases in each interventhepatic GSH export to blood, causing higher blood GSH,
increases in resistance to oxidatively-induced liver injury,
slower cataract development, smaller age-related changes in T
cell subsets (CD8, CD8M, CD4P and CD8P), higher levels of
MIF (macrophage migration inhibition factor, known to be
higher in other rodent models of extended longevity), and lower
serum glucose, insulin, IGF-I and T4 levels [118,119,121,122].
Interestingly, the magnitude of a putative 40% MetR-induced
increase in MLSP (as calculated from that found in 80% CR) is
likely similar (22% increase) to that observed in 40% protein
restriction (ca., 20% increase in MLSP). Furthermore, CR and
protein restriction (PR) share many common effects in addition
to life prolongation, including delays in puberty, decreases in
growth, transitory decreases in metabolic rate, boosting of cell-
mediated immunity, or decreases in preneoplastic lesions and
tumors [123]. Low protein diets, like CR, also decelerate
glomerulosclerosis in mice [124], delay the occurrence of
chronic nephropathy and cardiomyopathy in rats [125], and
protect the rat liver against exposure to toxic chemicals [126]. A
lower but significant life extension effect in PR than in CR
would also agree with the widely accepted notion that aging has
more than one single main cause. CR could decrease aging rate
through PR-induced decreases in MitROS production and
oxidative stress, as well as through other unknown mechanisms
possibly induced by the calories themselves or by other dietary
components. It was recently found that 6–7 weeks of 40% PR
without strong restriction of calories (Table 3) decreases
MitROS production specifically at complex I, lowers the %
FRL and decreases 8-oxodG in mtDNA in rat liver mitochon-
dria [106], and decreases specific markers of protein oxidative
modification in rat liver mitochondria and hepatic tissueon oxidative stress and maximum longevity (MLSP)
(%) ox.mtDNA ox.Proteins MLSP
↓ ↓ ↑ (40%)
↓ ↓ ↑ (20%)
↓ ↓ ↑ (40%)
onsumption; FRL(%)=% free radical leak at the respiratory chain; ox.
age to proteins (specific protein carbonyls, CML, CEL and MDAL). Complex
ion.
Fig. 2. Correlation between methionine content of heart proteins and maximum
longevity in mammals. Methionine protein content negatively correlates with
maximum longevity in the heart of eight mammalian species strongly differing
in MLSP (r=−0.96; P<0.001; n=7 different animals per species).
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FRL, 8-oxodG and protein damage also occur in rat liver
mitochondria after 6–7 weeks of 40% CR [92,97]; reviewed in
[100]. Strikingly, the magnitude, kind of changes, mechanisms
and site of action of those decreases are similar in both PR and
CR, while lipid restriction without CR does not cause such
decreases [127]. This suggests that restriction of protein intake
can be responsible for the well-known decreases in MitROS
production and oxidative stress that take place in CR and thus
for part of the increase in MLSP. In agreement with this
possibility, it is known that progressively decreasing the level of
dietary protein in mice, from 24% to 12% and from 12% to 6%,
decreases liver lipid peroxidation, lowers free activities of
lysosomal enzymes in brain, liver and intestine, and decreases
lipofuscin accumulation [128]. Concerning possible alternative
mechanisms of life extension in CR, although available studies
are still scarce and open to debate [129], it has been found that
the decrease in cardiac MitROS production with pyruvate/
malate as substrates induced by CR inWistar rats is not reversed
by either insulin or GH, and that these two hormones do not
increase MitROS generation in liver mitochondria from CR rats
[130]. These last results do not support the idea that the
lowering of MitROS generation in CR could be due to a
lowered insulin/IGF-1 like signalling. On the other hand, we
have recently found that 6–7 weeks of methionine restriction
without caloric restriction also decreases MitROS generation, %
FRL, 8-oxodG in mtDNA, and specific markers of protein
oxidative modification, in rat heart and liver mitochondria
(Table 3). This, together with the well-known fact that MetR
increases MLSP in rats and mice [118–122], and with the CR
and PR-induced decreases in MitROS generation, 8-oxodG in
mtDNA, and mitochondrial protein damage, strongly suggests
that restriction of methionine intake can be responsible for the
decreases in MitROS production and oxidative stress that take
place in CR and thus for part of the increase in MLSP induced
by this dietary manipulation.
Interestingly, in the classic studies showing that MetR
without CR increases rat MLSP it was found that MetR changes
hepatic levels of thiol-containing compounds like GSH as early
(at least) as at 8 weeks of MetR [119], a time window similar to
the one at which we observe decreases in MitROS generation
(6–7 weeks). The study of the MetR effect on ROS production
was performed using exactly the same dietary protocol that
increases maximum longevity in rats [119,121]: 80% methio-
nine restriction compensated by corresponding increases in
dietary L-glutamate. These results strongly suggest that MetR
may be the common factor responsible for the lowering of
MitROS production and oxidative stress both in PR and CR.
Further experiments are needed to clarify: (a) if these changes
also occur at 40% MetR; (b) if they take place when other
dietary components are not modified.
Various lines of evidence also suggest that methionine or its
related metabolites may be involved in aging and longevity.
Interestingly, we have recently found that methionine is the only
amino acid present in heart intracellular proteins that strongly
correlates with mammalian MLSP, and that this correlation is
negative [81] (Fig. 2). Moreover, protein methionine content isalso lower in tissues of long-lived birds than in short-lived
mammals of similar body size [82,131]. Thus, the longer the life
span of a species, the lower is its tissue protein methionine
content. Many other recent investigations also point to a
relationship between methionine and aging [132–135]. In
addition, excessive methionine dietary supplementation
damages many vital organ systems and increases tissue
oxidative stress. Thus, methionine supplementation increases
plasma hydroperoxides and LDL-cholesterol [136], raises iron
and lipid peroxidation, conjugated dienes, and cholesterol in rat
liver [137,138], is hepatotoxic and alters liver antioxidants like
SOD, catalase, GSH-peroxidase and GSH in rats [137,139,140],
increases liver oxidative stress [140], raises plasma, heart and
aortic homocysteine levels leading to angiotoxicity and
mitochondrial degeneration in arterial smooth muscle cells
[136,140,141] and accelerated aging of rat vascular system
[142], induces hypertension and coronary disease [140,143],
decreases vitamin E levels in liver and heart [136], and possibly
speeds up brain aging [139]. The high methionine content of the
Western diet may also predispose human beings to cardiovas-
cular disease [139]. Interestingly, similar negative effects of
methionine supplementation have been described in rats fed
high protein (50%) and high methionine (2%) diets for 2 years
[142]. High protein diets (50% protein for 1 week), and casein-
rich compared to soybean-rich diets, increase plasma protein
carbonyls and are cholesterolemic and atherogenic in rats
[136,144], which is interesting because casein has higher
methionine content than soybean protein, and because protein
oxidation seems to play a role in atherosclerosis and other
degenerative diseases [145].
Methionine could induce damage through various possible
mechanisms. Methionine residues of proteins are among the
amino acids most susceptible to oxidation by ROS [132,146]
and the sensitivity of proteins to oxidative stress increases as a
function of their number of methionine residues [135].
Oxidation of methionine residues generates methionine sulfox-
ide in proteins, which deprives them of their function as methyl
donors, and may lead to loss of their biological activity
[147,148]. This modification can be repaired by methionine
sulfoxide reductase in a thioredoxin-dependent reaction. In this
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sulfoxide reductase-A lowers MLSP and increases protein
carbonyls and sensitivity to hyperoxia in mice [132]. The
opposite manipulation, overexpression of methionine sulfoxide
reductase A, increases life span and delays the aging process in
Drosophila [133]. On the other hand, the oxidized form of
thioredoxin, produced during the reduction of methionine
sulfoxide, can be converted back to reduced thioredoxin by
the enzyme thioredoxin reductase. In agreement with the
methionine oxidation hypothesis of aging, it has been reported
that overexpression of thioredoxin reductase increases longev-
ity in mice [149,150].
A high methionine dietary content could also be detrimental
due to its conversion to homocysteine. It has been proposed that
the increase in plasma homocysteine induced by methionine
supplementation increases ROS production, and this leads to
LDL oxidation and atherosclerosis [136]. Homocysteine levels
increase with age in humans and represent a risk factor for aging
and free radical-associated degenerative diseases including at
least atherosclerosis, cognitive decline, thrombosis, cancer,
stroke, wasting, chronic kidney disease and Parkinson's disease
[151–154]. Homocysteine has a free thiol group that can be
readily oxidized leading to the generation of protein mixed
disulfides or disulfide bridges between different proteins or
between subunits of the same protein. It has been observed that
addition of oxidized glutathione (GSSG) to mitochondrial
complex I increases its rate of superoxide radical generation
[155]. Thus, MitROS production can be regulated by thiol
agents including homocysteine, offering a plausible molecular
mechanism for the effects of MetR and supplementation onFig. 3. Model of likely cause–effect relationships concerning the mitochondrial free
mechanistic connection between CR, MitROS production and oxidative stress, and ag
of tissue proteins negatively correlates with maximum longevity in mammals and b
decreases the rate of ROS generation at complex I and mtDNA 8-oxodG in rat heart
maximum longevity in rats (Tables 2 and 3). The low MitROS production of CR and
mechanisms different from MitROS production can contribute to decrease aging rat
MDA=malondialdehyde. “Prot.ox.” represents various markers of protein oxidativemitochondrial oxidative stress, tissue damage and longevity.
That effect of GSSG can possibly explain the direct correlation
found between GSSG/GSH ratio and 8-oxodG in mtDNA in
tissues of aging mice [28]. Similarly, recent studies suggest that
treating rat heart mitochondria with homocysteine in vitro
increases MitROS production (estimated from luminol en-
hanced chemiluminescence) [156], although these experiments
should be repeated using more specific techniques before firm
conclusions can be drawn. In any case, there is a strong need for
further experimental work about the lowering effects of
methionine restriction on mitochondrial oxidative stress and
on the mechanisms by which MetR leads to slower aging.
7. Conclusions
Most of the available data indicate that 40% caloric
restriction decreases the rate of generation of mitochondrial
reactive oxygen species and lowers oxidative damage to
mitochondrial DNA and proteins in rodent organs [100].
Long-lived species also have lower levels of these parameters
than short-lived ones, suggesting the existence of at least one
common mechanism of longevity extension in both cases [7].
However, it was not known what specific dietary components, if
any, mechanistically cause those decreases during CR. It is
known that 40% protein restriction (PR) increases maximum
longevity (Table 2) and that this increase is smaller (around
20%) than that observed in 40% CR (around 40% increase). In
the case of methionine restriction (MetR), a 44% increase in
MLSP has been observed [119], but this increase was found
after restricting methionine by 80%, not by 40%. Thus, it isradical theory of aging. This model further delineates recent views (8) on the
ing, taking into account two relevant recent findings: (a) the methionine content
irds; (b) 80% methionine restriction, like 40% CR and 40% PR, significantly
and liver mitochondria. It is known that CR, PR and MetR significantly increase
PR animals seems to be due to their low methionine ingestion. Other unknown
e in CR. DBI (double bond index) indicates membrane fatty acid unsaturation.
modification.
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similar to the one observed in PR (around 20% increase in
MLSP). Therefore, the decrease in methionine intake could be
responsible for all or most of the increase in MLSP observed in
PR as well as for around 50% of the increase in MLSP observed
in CR. On the other hand, it was recently found that 40% protein
restriction without CR decreases MitROS generation and
oxidative damage to mtDNA (8-oxodG), PR totally mimicking
CR quantitatively and qualitatively in this respect [106],
whereas lipid restriction does not change those parameters
[127]. Furthermore, it was recently found that MetR also
decreases ROS generation in rat liver and heart mitochondria.
All these suggest that the reduction in methionine intake during
CR and PR can be the cause of the decrease in MitROS
production and oxidative damage to mtDNA, and can be
responsible for around 50% of the increase in MLSP observed
in caloric restriction (Fig. 3). Moreover, it was found that
methionine is the only amino acid whose abundance in tissues
strongly (and negatively) correlates with MLSP: the longer the
life span, the smaller the level of methionine in intracellular
proteins. Many other kinds of studies also connect methionine
and its metabolites, including homocysteine, to aging.
Finally, it is commonly considered that maintenance of the
organism is the key for a high longevity. But what are the
fundamental mechanisms of maintenance in long-lived species?
Concerning oxidative stress, available evidence points to two
general mechanisms: (1) decreasing the rate of generation of
endogenous damage (e.g., the rate of MitROS production) and
(2) possession of macromolecules less sensitive to oxidative
damage; this is obtained in the case of lipids by decreasing the
degree of fatty acid unsaturation, and in the proteins at least by
decreasing the number of methionine residues. Of these two
general longevity mechanisms, caloric restriction uses the first
one, decreasing the rate of MitROS generation. This seems to be
due to a great extent to the decrease in methionine intake of the
caloric restricted animals.
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